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1–4 interaction scaling factors are used in AMBER forceﬁelds to reduce the exaggeration of short-range
repulsion caused by the 6–12 Lennard-Jones potential and a nonpolarizable charge model and to obtain
better agreements of small-molecule conformational energies with experimental data. However, the
effects of these scaling factors on protein secondary structure conformations have not been investigated
until now. This article reports the ﬁnding that the 1–4 interactions among the protein backbone atoms sep-
arated by three consecutive covalent bonds are more repulsive in the a-helix conformation than in two
b-strand conformations. Therefore, the 1–4 interaction scaling factors of protein backbone torsions /
andw control the conformational equilibrium between a-helix and b-strand. Molecular dynamics simula-
tions conﬁrm that reducing the / and w scaling factors readily converts the a-helix conformation of AcO-
(AAQAA)3-NH2 to a b-strand conformation, and the reverse occurswhen these scaling factors are increased.
These results suggest that the / andw scaling factors can be used to generate the a-helix or b-strand con-
formation in situ and to control the propensities of a forceﬁeld for adopting secondary structure elements.
 2014 The Author. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction E ¼ Rkbðb b0Þ2 þ Rkhðh h0Þ2 þ Rk/½cosðn/þ dÞ þ 1The additive AMBER forceﬁeld is an empirical potential energy
function in the form of Eq. (1) with a set of parameters to describe
the relationship between a molecular structure and its energy [1–
9]. In Eq. (1), the Aij and Bij constants for the atoms separated by
three consecutive covalent bonds are divided by a 1–4 van der
Waals interaction scaling factor (SCNB) to reduce the exaggeration
of short-range repulsion caused by the 6–12 Lennard-Jones poten-
tial and a nonpolarizable charge model [3]; the C constant for the
atoms separated by three consecutive covalent bonds is also
divided by a 1–4 electrostatic interaction scaling factor (SCEE) for
better agreements of small-molecule conformational energies with
experimental data [3]. While the effects of these 1–4 interaction
scaling factors on structure and energy of small molecules and car-
bohydrates are known in the literature [1–3,10], the effects of
SCNB and SCEE on protein secondary structure conformations have
not been clear until now.þ RðAijr12ij  Bijr6ij þ Cqiqjr1ij Þ ð1Þ
This article reports the ﬁnding that the 1–4 interactions among
the protein backbone atoms separated by three consecutive cova-
lent bonds are more repulsive in the a-helix conformation than
in two b-strand conformations. Therefore, the 1–4 interaction
scaling factors for protein backbone torsions / and w control the
conformational equilibrium between a-helix and b-strand in
molecular dynamics simulations. Using model peptide AcO-
(AAQAA)3-NH2, a pentadecapeptide known to adopt the a-helix
conformation in water [11] and abbreviated as AAQAA hereafter,
molecular dynamics simulations show (1) that reducing the /
and w scaling factors readily converts the a-helix conformation
of AAQAA to b-strand conformations, and (2) that increasing these
scaling factors converts the anti-parallel b-strand conformation of
AAQAA to the a-helix conformation. The results suggest that these
scaling factors can be used in practical applications to regulate the
conformational equilibrium between a-helix and b-strand.
2. Methods
2.1. Low-mass molecular dynamics simulations
In this study low-mass molecular dynamics (LMD) simulations
with particle masses systemically reduced by tenfold were
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the a-helix or anti-parallel b-strand conformation was solvated
with 1028 or 1619 TIP3P water molecules [13], respectively, to
keep the closest distance between any atom of AAQAA and the
edge of the periodic solvent box at 8.2 Å using LEAP of AmberTools
1.5 (University of California, San Francisco). The anti-parallel b-
strand conformation of was generated by MacPyMOL Version
1.5.0 (Schrödinger LLC, Portland, OR). The a-helix conformation
was obtained from an LMD simulation that converted the anti-par-
allel b-strand conformation to the a-helix conformation. As pro-
vided in Dataset S1, the forceﬁeld parameters for the Ala residue
amidated by NH2 (ALN) were generated according to a published
procedure using both a-helix and b-strand conformations for the
RESP charge calculation [3,14]. The solvated AAQAA was then
energy-minimized for 100 cycles of steepest-descent minimization
followed by 900 cycles of conjugate-gradient minimization to
remove close van der Waals contacts using SANDER of AMBER 11
(University of California, San Francisco), heated from 0 to 300 K
at a rate of 10 K/ps under constant temperature and volume, and
ﬁnally simulated in 20 unique and independent LMD simulations
using PMEMD of AMBER 11 with a periodic boundary condition at
a constant temperature of 300 K and a constant pressure of 1 atm
with isotropicmolecule-based scaling. The 20 unique seed numbers
for initial velocities of Simulations 1–20 are 1804289383,
846930886, 1681692777, 1714636915, 1957747793, 424238335,
719885386, 1649760492, 596516649, 1189641421, 1025202362,
1350490027, 783368690, 1102520059, 2044897763, 1967513926,
1365180540, 1540383426, 304089172, and 1303455736, respec-
tively. All these isothermal–isobaric LMD simulations used (1) a
dielectric constant of 1.0, (2) the Berendsen coupling algorithm
[15], (3) the Particle Mesh Ewald method to calculate long-range
electrostatic interactions [16], (4) a time step of 1.0 fs, (5) SHAKE-
bond-length constraints applied to all the bonds involving the H
atom, (6) a protocol to save the image closest to the middle of the
‘‘primary box’’ to the restart and trajectory ﬁles, (7) a formatted
restart ﬁle, (8) atomic masses that are systemically reduced by ten-
fold, (9) zeroed torsion potentials for /, w, /0, and w0, (10) 1.0 for
SCNBs of / and w and SCEEs of / and w or 2.0 for SCNBs of / and
w and SCEEs of / and w, and (11) default values of all other inputs
of PMEMD. Each simulation was performed on a 12-core Apple
Mac Pro with Intel Westmere (2.40/2.93 GHz).
2.2. Secondary structure content analysis
Using PTRAJ of AmberTools 1.5 (University of California, San
Francisco), torsions / and w of each residue in AAQAA were com-
puted from 2000 (or 4000) conformations saved at 100-ps intervals
of a 0.2-ls (or 0.4-ls) isothermal–isobaric LMD simulation of
AAQAA, respectively, with simulation conditions described above.
Residue X was considered to be in the a-helical conformation if
all torsions w and / of Residues X, ±1N, ±2N, and ±3N were within
thew range (67 to 27) and the / range (77 to 37), respec-
tively. Residue X was in the b-strand conformation if all torsions w
and / of Residues X and ±1N were within the w range (159 to
99) and the / range (93–155), respectively. Residues ±1N,
±2N, and ±3N are six nearby residues of Residue X (viz.,
X–1N–2N–3N, 1N–X–1N–2N, 2N–1N–X–1N, and 3N–2N–1N–X
for the helix; X–1N and 1N–X for the strand). The torsion ranges
are based on the reported torsions [17] for the right-handed
3.613-helix (/ of 57 and w of 47), anti-parallel b-strand (/ of
139 and w of 135), and parallel b-strand (/ of 119 and w of
113) plus or minus 20. A component a-helix or b-strand popula-
tion for each residue in AAQAA was deﬁned as the number of the
a-helix or b-strand conformation of the residue divided by the
number of all conformations of AAQAA saved at 100-ps intervals.
Averaging the a-helix or b-strand component populations ofresidues 1–15 gave rise to the corresponding population for
AAQAA of one LMD simulation. Averaging the a-helix or b-strand
populations of a set of 20 unique and independent LMD simula-
tions gave rise to the aggregated a-helix or b-strand population
for AAQAA for the set. The standard deviation of the aggregated
a-helix or b-strand population was calculated according to Eq.
(2), wherein N is the number of all simulations, Pi is the a-helix
or b-strand population of the ith simulation, and P is the aggre-
gated a-helix or b-strand population. The experimental a-helix
population of AAQAA in water at 300 K was obtained from averag-
ing component helicities that were calculated according to Eqs. (1)
and (2) of Ref. [11] with Tm and DT values and their standard devi-
ations taken from Table 1 of Ref. [11].
Standard Deviation ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RðPi  PÞ2=ðN  1Þ
q
ð2Þ3. Results and discussion
3.1. Repulsions among protein backbone atoms in the a-helix or
b-strand conformation
Using dialanine as a model peptide (Fig. 1), this author ﬁnds
that distances 1C–2C and 1N–2N in the a-helical conformation are
16–23% shorter than those in the anti-parallel and parallel b-strand
conformations of the peptide (Table 1), wherein XC and XN are the
carbonyl carbon atom and the amide nitrogen atom of Residue X,
respectively. With the exception of the 1N–2N distance in the
anti-parallel b-strand conformation, the 1C–2C and 1N–2N distances
are shorter than the sums of the corresponding van derWaal’s radii
regardless of the secondary structure conformations (Table 1). In
addition, the partial atomic charges of the carbonyl carbon atom
and the amide nitrogen atom of one residue are identical to those
of other residues as deﬁned in additive AMBER forceﬁelds. The 1–4
interactions between 1C and 2C and between 1N and 2N are more
repulsive in the a-helix conformation than in two b-strand confor-
mations. Therefore, it is conceivable that the 1–4 interactions
between 1C and 2C and between 1N and 2N of any amino acid
sequence are more repulsive in the a-helix conformation than in
the b-strand conformations.
3.2. Interconversion between a-helix and b-strand conformations of
AAQAA
Because protein backbone torsions / and w govern the 1C–2C
and 1N–2N distances, respectively, the afore-described ﬁnding sug-
gests that increasing SCNBs of / and w and/or SCEEs of / andw can
lessen the repulsions among 1–4 backbone atoms more in the
a-helical conformation than in the two b-strand conformations
and can consequently increase the propensity of a forceﬁeld for
the a-helical conformation and decrease the propensity for the
two b-strand conformations. To test this hypothesis, a set of 20
unique, independent, all-atom, isothermal–isobaric, and 400-ns
LMD simulations of AAQAA in the anti-parallel conformation were
carried out at 300 K and 1 atm using the FF14SB forceﬁeld (AMBER
14 reference manual, 29–31) with 2.0 set for SCNBs of / and w and
SCEEs of / and w. For comparison, another set of 20 unique, inde-
pendent, all-atom, isothermal–isobaric, and 200-ns LMD simula-
tions were performed under the same simulation conditions,
except that the SCNBs and SCEEs were all reduced to 1.0. In both
sets of simulations, all four backbone torsion potentials (/, w, /0
and w0) of the FF14SB forceﬁeld were zeroed to remove inﬂuences
of these torsions on the effects of the SCNBs and SCEEs on the
secondary structure conformations.
When using 2.0 for the SCNBs and the SCEEs, the initial anti-
parallel b-strand conformation of AAQAA completely converted,
within 10 ns, to the a-helix and other non-b-strand conformations
Fig. 1. The repulsive distances between 1–4 backbone atoms of dialanine in different secondary structure conformations.
Table 1
Distances between backbone atoms of dialanine and their corresponding sums of van
der Waals radii.
Conformation 1C–2C 1N–2N R1C⁄ + R2C⁄
(Å)
R1N
⁄ + R 2N⁄
(Å)
(Å) D (%) (Å) D (%)
a-Helix 2.76 – 2.94 – 3.816 3.648
Anti-parallel b-strand 3.58 23 3.68 20 3.816 3.648
Parallel b-strand 3.42 19 3.52 16 3.816 3.648
XC and XN are the carbonyl carbon atom and the amide nitrogen atom, respectively,
in residue X of the dialanine, respectively. D = (distancestrand  distancehelix)/
distancestrand.
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aggregated a-helix and b-strand populations of AAQAA with stan-
dard deviations of the 20 simulations at the 10-ns instant are
30 ± 18% and 0 ± 0%, respectively (Table S1). The aggregated
a-helix population with its standard deviation of the 20 simula-
tions increased to 61 ± 27% at the 400-ns instant, whereas the
aggregated b-strand population remained at zero (Table 2). Visual
inspection revealed that the initial anti-parallel b-strand confor-
mation converted to a full a-helix conformation with hydrogen
bonds involving the AcO and NH2 protecting groups in 14 out of
the 20 400-ns simulations (Fig. 2). As indicated by the relatively
large standard deviation, the aggregated a-helix population is
not fully converged at the aggregated timescale of 8 ls. Neverthe-
less, the aggregated b-strand population is converged, and the
aggregated a-helix population of 61 ± 27% is already higher than
the experimental a-helix population of 20.8 ± 0.4% for AAQAA in
water at 300 K according to nuclear magnetic resonance spectro-
scopic data [11] (see Section 2.2). These results indicate that the
modiﬁed FF14SB forceﬁeld with 2.0 for the SCNBs and the SCEEs
has a high propensity for the a-helix conformation and a low pro-
pensity for the b-strand conformation.
By contrast, when using 1.0 for the SCNBs and the SCEEs, none
of the 20 200-ns simulations showed conversion from the initial
anti-parallel b-strand conformation to the a-helix conformation.
The aggregated a-helix and b-strand populations with standard
deviations of the 20 200-ns simulations are 0 ± 0% and 25 ± 3%,
respectively (Table 2). The small standard deviations indicate that
these aggregated a-helix and b-strand populations are converged
at the aggregated timescale of 4 ls. Visual inspection revealed var-
ious b-hairpin conformations that are in frequent exchange with
extended b-strand conformations (Fig. 2). Formations of these
b-hairpins require different AAQAA residues to adopt the loop
conformation, which explains why the aggregated b-strand
population is lower than the aggregated a-helix population. TheseTable 2
The a-helix and b-strand populations of AAQAA in 20 isothermal–isobaric low-mass mole
Initial
conformation
Aggregated time
(ls)
SCNBs of / and
w
SCEEs of / and
w
a-H
(%)
b-Strand* 20  0.4 2.0 2.0 61 ±
b-Strand* 20  0.2 1.0 1.0 0
a-Helix 20  0.4 2.0 2.0 89 ±
a-Helix 20  0.2 1.0 1.0 0
* Anti-parallel b-strand.results show that the modiﬁed FF14SB forceﬁeld with 1.0 for the
SCNBs and the SCEEs has a low propensity for the a-helix confor-
mation and a high propensity for the b-strand conformation.
The two sets of simulations described above were then repeated
with a full a-helix conformation as the initial AAQAA conforma-
tion. This conformation was identiﬁed from the afore-described
simulations using 2.0 for the SCNBs and the SCEEs and the anti-
parallel b-strand conformation as the initial conformation. When
using 2.0 for the SCNBs and the SCEEs, no conversion from the a-
helix conformation to the b-conformation was found in any of
the 20 400-ns simulations. The aggregated a-helix and b-strand
populations with standard deviations of the 20 400-ns simulations
are 89 ± 1% and 0 ± 0%, respectively (Table 2). As indicated by the
small standard deviations, both the a-helix and b-strand popula-
tions are converged at the aggregated timescale of 8 ls. These
results conﬁrm that the modiﬁed FF14SB forceﬁeld with 2.0 for
the SCNBs and the SCEEs has a high propensity for adopting the
a-helix conformation and a low propensity for the b-strand
conformation. When using 1.0 for the SCNBs and the SCEEs, the
initial full a-helix conformation completely converted, within
10 ns, to b-strand conformations in all 20 200-ns LMD simulations
(Table S1). The aggregated a-helix and b-strand populations with
standard deviations of the 20 simulations are converged to 0 ± 0%
and 24 ± 1%, respectively (Table 2), which also conﬁrms that that
the modiﬁed FF14SB with 1.0 for the SCNBs and the SCEEs has a
low propensity for the a-helix conformation and a high propensity
for the b-strand conformation.3.3. SCNB and SCEE as regulators for equilibrium between a-helix and
b-strand
The above results show that increasing or decreasing SCNBs of /
andw or SCEEs of / andw can raise or lower, respectively, the ratio
of the a-helical conformation over the b-strand conformation in
LMD simulations. This ﬁnding has practical use in peptide or pro-
tein simulations. For example, for computational studies of B-cell
lymphoma 2 family proteins or proteins with latent tetratrico
peptide repeat [18–20], there is often a need to perform LMD
simulations to intentionally convert a fragment of a protein to
the a-helical conformation in the speciﬁc environment of the frag-
ment. This type of secondary conformation can now be generated
in situ by performing LMD simulations of the protein with a set
of new atom types for torsions / and w of the fragment with 2.0
or 1.0 for the SCNBs and the SCEEs depending upon whether the
desired conformation is a-helix or b-strand, respectively.cular dynamics simulations with the TIP3P water at 300 K and 1 atm.
elix population ± standard deviation b-Strand population ± standard deviation
(%)
27 0
25 ± 3
1 0
24 ± 1
Fig. 2. AAQAA conformations identiﬁed from LMD simulations using different SCNBs and SCEEs. The a-helix conformation was identiﬁed from LMD simulations using 2.0 for
SCNBs of / and w and SCEEs of / and w. The b-strand conformations were identiﬁed from LMD simulations using 1.0 for SCNBs of / and w and SCEEs of / and w.
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anced propensities of a forceﬁeld for different secondary structure
elements can be resolved at the root level by adjusting SCNBs of /
and w and/or SCEEs of / and w without implementing four back-
bone torsions (/, w, /0, and w0) as these backbone torsions do not
have physical justiﬁcation [3]. For example, AMBER forceﬁelds
FF94 and FF99 are biased to the a-helix conformation [21,22],
whereas FF96 has a bias to the b-strand conformation [23–26].
Adjusting SCNBs and SCEEs of the backbone torsions might balance
the propensities of these AMBER forceﬁelds without implementing
/, w, /0, andw0. A study to identify a set of the SCNBs and the SCEEs
that can balance the propensities of FF99 for different secondary
structure conformations is underway and will be reported in due
course.
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